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Infrared absorption spectra of inorganic nitrates and carbonates have been obtained on 
single crystals at room temperature, under liquid nitrogen refrigeration and under liquid 
helium refrigeration. Diffuse absorption observed in the room temperature spectra be- 
tween about 1400 cm~i and 700 cm~i is resolved under liquid helium refrigeration into a 
large number of bands not attributable to fundamentals or combinations of fundamental 
frequencies of the anions. Almost all of these bands are readily interpreted as summation 
bands of fundamental frequencies with successive levels of a librating oscillator. The 
hbration is considered to represent a planar torsional oscillation of the anion about the 
trigonal axis. The librational frequency depends in part on the crystal structure and on the 
ions. In a given material the librational frequency as determined from successive bands is 
Reasonably constant. In the substances studied the librational frequency varied from about 
15 cm~i to 30 cm^^ 

Band limits observed in the spectra are interpreted as representing rotational energy 
barriers. These barrier heights are approximately 200 cm~i with some dependence on the 
crystal structure and the ions involved. Barrier heiglits calculated from a cosine potential 
function agree reasonably well with the observed barriers for the cubic and calcite structures. 
Similar calculations have not been made for other structures studied because of doubtful 
assignments or unknown structural details. In particular, spectra of the aragonite structures 
are remarkable in detail and complexity, and have not b(*en analyzed. However, the details 
of these and all other spectra studied appear to involve similar phenomena. 



1. Introduction 

Free rotation of atomic groups in the solid phase 
was suggested initially by Pauling in 1930 [59] ^. 
A number of reports appeared subsequently pre- 
senting evidence for free rotation in solids [5,25,32, 
39,40,41,65]. In general, the experimental evidence 
presented consisted chiefly of plausible interpreta- 
tions of X-ray structure determinations of various 
solid phases in the ammonium salts and in metal 
nitrates and carbonates. It was argued that essen- 
tially free rotation of the nonspherical ion would be 
necessary to produce a NaCl-type structure which 
was required by the X-ray data from these salts. 
In other structures containing nitrate and carbonate 
ions free rotation of the ion about the trigonal axis 
was proposed to satisfy the X-ray data. It has been 
argued more recently that a disoriented arrangement 
of the nonspherical ions would also satisfy the 
diffraction data without the necessity for free 
rotation [45]. 

Completely unambiguous evidence of rotation in 
solids has been sought actively. The question has 
been pursued with an increasing* number of experi- 
mental techniques being brought to bear such as 
X-ray studies [6, 22, 45, 68], specific heat measure- 
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ments [48], infrared spectroscopy [34, 35, 74, 75], 
Raman spectroscopy [9, 10, 11, 12, 25, 36, 42, 43, 
44, 55, 62, 63, 64], nuclear magnetic resonance 
[3, 4, 16, 28], and neutron diffraction [18, 31, 49, 50, 
53]. In each of these fields the literature is extensive 
and the references cited are not exhaustive but are 
confined to the inorganic materials of interest here. 
Almost witliout exception, all studies agree that free 
rotation does not take place at ordinary tempera- 
tures. However, they conclude that hindered rota- 
tion, i.e., a torsional oscillation or libration does take 
place with potenti^d barriers sufficiently low that 
disordering may occur near room temperature. The 
only exceptions appear to be in NH4I where there is 
evidence [61, 72] from heat capacity and infrared 
data that the NH4+ rotates about an N-H-I axis 
above 75 °K, and in a recent report [18] of free 
rotation in KCN based on neutron difi'raction studies. 
The present ideas suggest librating ions are able to 
surmount the barriers at a rate sufficiently great to 
satisfy the X-ray structure requirements. In effect 
the findings substantiate the suggestions advanced 
by Frenkel in 1943 [23] who opposed Pauling's 
rotation hypothesis and proposed instead torsional 
oscillation with a finite disordering rate. 

Harmonic librations are lattice modes and might be 
detected by Raman or infrared spectroscopic studies. 
The frequencies expected for these modes cannot be 
predicted without knowledge of the potential energy 
function describing the potential barrier. Although 
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the rotational frequencies of the free ion can be 
calcuhited readily it is only possible to predict that 
the frequency of the restricted harmonic librator 
must be greater than that for the free rotator. Low 
frequency shifts have been found in the Eaman 
spectra of inorganic solids for which there is inde- 
pendent evidence of anion or cation libration [for 
example, preceding references on Raman spectra]. 
Certain Raman lines have been attributed to fre- 
quencies arising from harmonic libration modes; 
however, there is no assurance that these represent 
the fundamentals rather than overtones or combina- 
tions. There is also no conclusive evidence for 
harmonic libration in the infrared spectra of solids, 
although Hexter [34, 35] has proposed that certain 
complex high frequency overtone and combination 
bands in the 3000 cm~^ to 5000 cm~^ region of 
carbonates and nitrates arise from libration com- 
binations. Early reststrahlen studies [51] have 
shown the existence of low frequency infrared bands 
whose exact origin is unknown. These bands have 
been widely attributed to lattice vibrations of an 
unspecified nature. 

This paper will present evidence for libration in the 
infrared spectra of anhydrous metal nitrates and 
carbonates. These substances have been the subject 
of infrared studies since the early work of Schaefer, 
Bormuth, and Matossi [66] and the spectra are 
believed to be well understood insofar as the assign- 
ments of the six fundamental vibrations of the free 
nitrate and carbonate ions [30, 33, 38] are concerned. 
However, the strong overtone and combination bands 
and their complexity have been the source of recent 
studies [29, 34, 35]. The very intense and obviously 
complex band containing the antisymmetric stretch- 
ing band has also been of concern [52]. Newman and 
Halford [57, 58] observed in the infrared spectra of 
crystalline Pb(N03)2 and TINO3 bands that were not 
attributable to fundamentals of the anions. They 
were assigned to sum and difference bands of the 
symmetric stretching vibration and a low lying 
(30 cm~0 lattice mode. Recently Gross and Shultin 
[26] studied Ba(N03)2 and Pb(N03)2 with similar 
results and succeeded in resolving several combination 
bands. Both of these studies used low temperatures 
(liquid nitrogen temperature) to improve the reso- 
lution. A careful examination of the pioneering 
spectra given by Schaefer, Bormuth, and Matossi 
[66] on the crystalline carbonates shows clear evidence 
of weak bands in the frequency range containing the 
fundamentals. In this early work some attempt was 
made to explain these bands as sum and differences 
between fundamentals or between fundamentals and 
lattice frequencies reported from reststrahlen experi- 
ments, but with only partial success. 

Recent studies in this laboratory of the effect of 
high pressure on the infrared spectra of crystalline 
nitrates and carbonates showed the sum and differ- 
ence modes previously reported in the heavy metal 
nitrates and produced evidence for additional bands 
of this type at elevated pressures. These observa- 
tions motivated a serious study of the combination 
bands at 1 atm in an attempt to understand the 
behavior at elevated pressures. 



It is obvious that extensive combinations involving 
sum and difference bands between a lattice funda- 
mental of the order of 30 cm~^ and the internal 
fundamentals of the anion found between 700 cm~^ 
and 1500 cm~^ will produce such a complex over- 
lapping band structure as to make analysis extremely 
difficult. If the spectrum were simplified by re- 
moving the difference bands through cooling as 
suggested by Hornig [38] the fact that 30 cm"^ levels 
are involved would require very low temperatures. 
Simple calculations showed that at the temperature 
of liquid nitrogen, large numbers of ions would be in 
upper states when the levels are spaced 30 cm"^ 
apart. At the temperature of liquid helium, how- 
ever, almost all of the ions would be in the ground 
state. This report presents data on the room tem- 
perature and on the low temperature — liquid nitrogen 
and liquid helium temperature — infrared spectra of 
^^thick'' (about 0.010 in.) crystals of metal nitrates 
and carbonates. The spectra are interpreted in 
terms of librations of the anions. 

2. Experimental Method 

2.1. Apparatus 

Most infrared spectra were recorded on a com- 
mercial double-beam spectrometer using NaCl 
prisms. To permit the use of small thick cr3^stals 
the spectrometer was equipped with a microfocusing 
unit employing reflecting optics. This unit was 
modified for use with the spectrometer and further 
to permit introduction of the tip of a Dewar into the 
focal region. The modified unit produced a focal 
spot 0.060 to 0.080 in. in diameter within a working 
space lYs in. wide. Approximately 45 to 50 percent 
of the normal energy was available with the micro- 
focus unit. Only a single unit was available, and 
this increased the path length of the specimen beam 
by about 18 in. over the path length of the reference 
beam. Therefore, complete compensation for water 
vapor and carbon dioxide was not achieved. Weak 
bands for these materials appeared in all spectra 
near 1700 cm-\ 2350 cm-i, and 3500 cm-^ These 
regions were not of particular interest in the data 
but caution was exercised in interpreting weak 
bands near these frequencies. 

The overtone and combination region at fre- 
quencies above 1700 cm~^ was studied on a double 
beam spectrometer using a grating to provide 
greater resolution in the higher frequency region. 
This unit was equipped with a reflecting microfocus 
unit in both beams to provide for better com- 
pensation. Weak bands, particularly in the 3500 
cm~^ region, indicated incomplete compensation. 

The low temperature equipment was constructed 
to utilize an available commercial Dewar. This 
was a triple-wall stainless steel unit open at the 
bottom to permit access to the tip of the innermost 
liquid container. The central wall comprised a 
radiation shield that extended well below the liquid 
reservoir. A specimen holder was fabricated from 
a ji in. diam bar of copper. The bar was approxi- 
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riiately 2 in. long, threaded at the top end to screw 
tightly into the tip of the liquid reservoir and 
machined down at the hottom end to give a ilal 
plate K in. square tunes Ys in. thick. Tlie length 
of 2 in. was necessary to permit specimens mounted 
in the flat bottom plate to be positioned in tlie focal 
spot of the rather large ellipsodial focusing mirror. 
The specimens were mounted over holes 0.060 in. 
in diameter drilled in the flat plate. Five holes 
were drilled in two rows, the top row containing 
three holes, the bottom row two. Holes were located 
Ys in. apart and holes in the two rows were staggered 
so that a single hole could be brought into tlie focal 
spot with no stray radiation through the adjacent 
holes. Each hole was counterbored from each side of 
of the plate to a diameter of Ys in. and of such depth 
that a flat web of copper approximately )3 2 in. thick 
remained in the center of the plate. Counterboring 
permitted entry of the highly convergent cone of 
radiation and afforded a relatively shallow well in 
which the crystals were mounted. Tlie Dewar 
was closed with a brass housing wliich enclosed the 
copper bar and was equipped with two NaCl windows 
located opposite the flat plate on the bottom of the 
copper bar. Vacuum closure between the housing 
and the outer wall of the Dewar was accomplished 
satisfactorily with a rubber 0-ring seal. The re- 
stricted working space between the ellipsoidal 
mirrors required miniaturization and although con- 
siderable clearance between brass housing and 
copper bar was provided, it did not prove feasible 
to extend the radiation shield around the copper 
bar inside the housing. Attempts to insert such 
a shield invariably resulted in a thermal short 
circuit produced by nonuniform contraction of the 
inner container or the radiation shield assembly on 
cooling. Some radiation protection was provided 
by wrapping the copper bar with bright aluminum 
foil. The Dewar was evacuated through a cutoff 
valve by means of an oil diffusion pump backed up 
by a mechanical pump. The complete Dewar 
assembly was rigidly mounted in a rack equipped 
with guides and adjusting screws to permit controlled 
motion in three perpendicular directions. This 
mount was essential to afford rapid, controlled 
centering of the small holes in the equally small focal 
spot. 

Five crystals, each covering a single hole, were 
studied in a single experiment. The small crystals 
required (Ys in. in diameter) were generally avail- 
able from reagent bottles or crystal fragments. 
Crystals were selected for clarity and shape, one 
reasonably flat surface being required. They were 
then filed down to fit snugly against the 732 in. web at 
the bottom of the Ys in. wells, and were cemented 
into place against the web and tlie walls of the well 
with a low temperature resin. All crystals were 
mounted on the same side of the web and in use 
this side was turned away from the incident radia- 
tion. This arrangement minimized heating of the 
crystals by unused radiation and eliminated prob- 
lems arising from absorption by the adhesive. 
Crystals were checked for thickness while in place by 
their spectra; if too thick, they were thinned in the 



center by using water or dilute acid. In these 
studies estimated crystal thicknesses ranged from 
about 0.001 to 0.080 in. 

In a given experiment spectra were recorded at 
room temperature and, following exhaustive evac- 
uation of the Dewar, were recorded at liquid nitro- 
gen temperature. If the runs at liquid nitrogen 
temperature proved successful, liquid helium was 
introduced into the Dewar immediately after re- 
moving the liquid nitrogen and the final spectra 
were then recorded. In an ordinary experinuMit 
with approximately 1 liter of liquid helium in the 
Dewar, the rate of boil-off of the helium was suffi- 
ciently low to provide cooling for at least 4 hr with 
the energy input supplied by the spectrometer and 
the normal environment. This period was more 
than sufficient to obtain the spectra of the five 
specimens. Following an experiment the crystals 
were found to be still firmly cemented in place and, 
although generally fractured by thermal contrac- 
tion or the stresses produced by the adhesive, 
appeared to be in good thermal contact with the 
co]3pcr. Each cooling cycle appeared to produce 
further fracturing which tended to increase scattering 
losses and reduce transmission. Thus it was found 
to be desirable, wherever possible, to obtain all 
spectra on a single cooling cycle. 

In these experiments it was not considered fea- 
sible to attempt to measure the temperature of the 
small crystal specimens. The temperature of the 
flat copper strip was measured hi a typical experi- 
ment and with liquid nitrogen in the Dewar a value 
of 86 °K was obtained while witli liquid helium the 
temperature was found to be 27 °K. These tempera- 
tures represented the temperature of the copper bar 
at a point as far from the coolant as possible, meas- 
ured with a gold-cobalt alloy-copper thermocouple 
[54]. The actual temperature of a crystal might 
liave been higher because of the energy flux from 
the focal spot, with tJie temperature being deter- 
innied by the absorption, the specific heat, the 
thermal conductivity of crystal and cement, and 
the thermal barriers between crystal and cement and 
copper, or lower because of the thermal energy 
introduced by the thermocouple leads. On the 
other hand the thermal path was very short and 
the crystal was nearly surrounded by the cold 
copper strip. In several spectra of interest the 
difference band between the symmetric stretching 
mode and a level of the order of 30 cm~^ was identi- 
fied. This band in effect represented a thermometer 
built into the spectrum and observations showed 
that the difference band, although somewhat reduced 
in intensity, was still very prominent at the tempera- 
ture of liquid nitrogen. With liquid helium in the 
Dewar, however, the difference band was effectively 
missing. This result may be taken as evidence 
that the temperature of the crystal was sufficiently 
low to remove all difference modes involving eiuM'gies 
of 30 cm~^ or more. The removal of (Hff'ertMice 
bands was the primary objective of cooling and the 
result showed that, irrespective of the absolute 
temperature of the crystal, the resulting spectra 
could be interpreted in terms of the fundamentals 
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and their summation bands only. In tabulating 
the spectra the temperatures will be described as 
liquid nitrogen temperature and liquid helium 
temperature with the clear understanding that the 
temperatures of the crystals may differ appreciably 
from the boiling temperatures of these liquids. 

2.2. Materials Studied 

The following nitrates were studied: NaNOa, 
KNO3, RbNOa, CsNOa, TINO3, AgNOa, Sr(N03)2, 
Ba(N03)2, and Pb(N03)2. Of these all except 
RbNOs, CSNO3, and TINO3 were reagent grade 
chemicals of high purity. These three materials 
were recrystallized from aqueous solution at 55 °C 
to effect further purification and to prepare suitable 
crystals. This technique was used by Newman and 
Halford [58] to prepare large TINO3 crystals. Suit- 
able crystals for the other materials were obtained 
from the substances as received. 

The following carbonates were studied: MgC03, 
CaC03, SrC03, BaC03, PbC03, FeCOg, and MnCOg. 
These were all natural minerals obtained in large 
crystals. The materials and their sources are as 
follows : 

MgC03 — ^magnesite — origin uncertain (large clear 
crystals) 

CaC03 — calcite — Brazil (large clear crystals) 

SrCOs — strontianite — Argyll, Scotland (]ar2:e 
translucent crystals) 

BaCOs — witherite — Lancashire, England (large 
translucent crystals) 

PbCOa — cerrusite — Southwest Africa (large clear 
crystals) 

FeC03 — siderite — Roxbury, Conn, (opaque 
masses, obviously impure) 

MnCOs — rhodochrosite — Kusatuni Kaga, Japan 
(opaque — ^large crystals) 

CaCOa — aragonite — Cianciano, Sicily (large trans- 
lucent crystal). 

Spectrochemical analyses were performed on all 
carbonates except the CaCOs (aragonite). Aside 
from trace impurities the following metallic im- 
purities were found in quantities up to a maximum 
of 1 percent. MgCOs-Fe; CaCOs (calcite) — none; 
SrCOs-Ca; BaC03-Sr; PbCOs— none; MnCOs-Ca^Fe, 
Mg; FeC03-Mg,Mn,Si. The impurities except in 
the cases of MnC03 and FeC03 appear to be of 
negligible importance. Inspection of the infrared 
spectra indicates no evidence for the strongest 
fundamentals of the major contaminant. 

The materials studied fall into the following five 
classes at room temperature. 

(1) calcite type — ^space group D3d-NaN03, MgCOg, 

CaCOs (calcite), MnC03, and FeC03 [71]; 

(2) aragonite tvpe— space group Vi^-KNOs, CaC03 

(aragonite), SrC03, BaCOg, and PbCOg 
[7,8, 17,71,79]; 

(3) hexagonal — space group Civ-CsNOg, RbN03 

[19, 20, 21, 60, 76]; 

(4) orthorhombic — space group uncertain — 

TlN03,AgN03[37, 71]; 

(5) cubic— space group T^Sr(N03)2, Ba(N03)2, 

Pb^NOJ. [711. 



Specific heat data are available for most of these 
substances between room temperature and lower 
temperatures which range from 55 to 13 °K with no 
reports of any structural changes. CaCOs (calcite), 
CaCOs (aragonite), SrC03, and BaCOs were studied 
by Anderson down to 55 °K [1], Anderson also has 
reported data down to 55 °K for MgC03, PbCOa, 
MnC03, and FeC03 [2]. The data on CaCOs 
(aragonite) have been extended down to 23 °K 
by Gunther [27] with no observed transitions. 
Latimer and Ahlberg have studied Ba(N03)2 [46] 
and TINO3 [47] down to about 16 °K while Nernst 
and Schwers [56] have reported data on CaCOa 
(calcite) to a temperature of 22 °K. Shomate and 
Kelley [67] investigated Ba(N03)2 to 53 °K and 
similar data were given to 13 °K for AgN03 by Smith, 
Brown, and Pitzer [69]. Finally, data down to 15 °K 
were obtained by Southard and Nelson for KNO3 
and NaNOs [70]. In no case were any irregularities 
in the specific heat curves observed, therefore, no 
transitions are known to occur between room tem- 
perature and the temperatures given. These tem- 
peratures may be above the lowest temperature to 
which the materials were subjected in these studies; 
however, the specific heat data assure that no tran- 
sitions occur in the major portion of the temperature 
range. Low temperature data do not appear to be 
available for Sr(N03)2, Pb(N03)2, RbN03, and 
CSNO3. By analogy with Ba(N03)2 it would be 
expected that Sr(N03)2 would exhibit a regular 
low temperature behavior. It would appear much 
less certain that Pb(N03)2 would behave similarly. 
The RbNOa and CsNOg represent different systems 
and to resolve the question low temperature X-ray 
diffraction patterns were obtained on RbN03 and 
CsNOg to 77 °K, The results showed that no struc- 
tural changes occurred between room, temperature 
and 77 °K. Behavior at temperatures below 77 °K 
was not studied. 

2.3. Polarization and Orientation Effects 

The infrared beam underwent at least three reflec- 
tions in the process of being focused on the crystal 
studied. Therefore, some uncertainty existed con- 
cerning the polarization of the incident beam. To 
provide a partial answer to the experimental effects 
to be expected, two specimens from a single crystal 
of calcite were studied, one cut parallel and the 
other cut perpendicular to the optic axis. The ab- 
sorption spectra of these crystals are shown in fig- 
ure 1. The spectra are displaced vertically to elim- 
inate overlapping. It will be noted that the spectra 
are similar. Although some major differences in rel- 
ative intensity are observed in the two spectra, 
both crystals show essentially the same absorption 
bands. It is concluded, therefore, that the degree 
of polarization of the beam is so small that essen- 
tially the same absorption spectrum will be shown 
by randomly oriented, anisotropic crystals. 

3. Results and Discussion 

3.1. Method of Presentation 

There are a large number of spectra to be 
presented and discussed and the following pro- 
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FiGUEE 1. Infrared absorption spectra of calcite crystals of different orientations. 



cedure is employed: (a) The spectra are subdi- 
Yided]J with respect to crystal structure because 
there appear to be good correlations within a given 
structure, (b) Spectra are shown for each material 
studied. For each crystal type except the aragonite 
type at least one spectrum is shown on an enlarged 
scale for each of the three temperatures studied. 
These spectra are given in the same figure but dis- 
placed vertically. For other materials of the same 
crystal type two spectra on a small scale are shown, 
one at room temperature, and the other at liquid 
helium temperature. These spectra are drawn on 
the same figure but displaced vertically, (c) The 
discussion will also be divided, fii'st according to 
the vibrations of interest. These sections are then 
further subdivided according to crystal structure. 
The major discussion will consist of three parts: 
first, the fundamentals; second, librations; and third, 
fundamental overtones and combinations. 

3.2. Fundamental Internal Frequencies 

A discussion of the fundamental internal frequen- 
cies for the carbonate and nitrate ions will be given 
before any additional features of the spectrum are 
analyzed in terms of lattice modes or combinations. 
This analysis may be carried out to three stages 
of approximation for the selection rules applicable 
to possible infrared transitions. First, the symmetry 
of the free ion may be assumed, ignoring any effects 
due to the crystal field synmietry. This assump- 
tion would not be expected to be a valid approxima- 
tion to the actual situation. Second, the site group 
approximation may be used in which the selection 
rules for the ions are derived from the synnnetry of 
the site which they occupy in the crystal lattice. 
In effect the ion is considered as if it were an inde- 
pendent entity possessing the symmetry of the 
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lattice site. This treatment will predict some 
effects arising from the crystal field symmetry but 
will not adequately describe those effects due to 
the interaction of a given ion with its neighbors. 
Finally the factor group analysis may be considered. 
This treatment considers the vibrations of the crystal 
as arising from the motion of the m atoms in the 
unit cell to give 3m-3 fundamentals (including both 
internal and lattice modes). The selection rules 
are derived from the factor group symmetry which 
is isomorphous with the space group symmetry. 
The factor group analysis will differ from the site 
group analysis in that coupling of vibrations between 
ions in different sites is included. Vibrations may 
show higher degeneracy, may become inactive, 
or may be repeated several times compared to the 
results of the site group approximation. 

a. Free Ion Approximation 

^ Free carbonate and nitrate ions are classified in 
the point group D.^^. Table 1 gives the spectral 
activity, symmetry species, types of internal fre- 
quencies, and the lattice modes derived from transla- 



Table 1. Spectral activity for nitrate and carbonate ions of 
symmetry Dah 



Species 


Activity 


Internal 
mode 


Lattice modes 

derivable from 

translation or 

rotation 


Ai' 


Raman .. 






Ai" 








A2' 






L(R^) 


A2" 


T.R 


P2 

J/3, Vi 


L(T.) 


E' 


I. R., Raman _ _ . 


L(T.,Tv) 


E" 


Raman 


L(Rx,R„) 











I.R. —infrared active; R— Raman active. 

L(T)— lattice mode derivable from translation along x, y, z, axis. 
L(R)— lattice mode derivable from rotation about x, y, z, axis. 
v\ —symmetric stretch; vi — out-of-plane bend; vi — degenerate antisymmetric 
stretch; 1/4— degenerate in-plane bend. 



tions and rotations of the free ion. For the free 
ion, the active fundamentals and their approximate 
positions are: the out-of-plane bending (v^) observed 
generally near 850 cm"^; the degenerate antisym- 
metric stretching (vs) which is usually very intense 
and observed in the 1400 cm"^ to 1500 cm~^ region; 
and the degenerate in-plane bending (v^) usually 
found near 720 cm~^ The symmetric stretching 
mode (z^i) is inactive in the infrared for the free ion 
approximation but is expected to have a frequency 
near 1060 cm~^ Translations of the free ion would 
be infrared active (species A2'' and E') but the 
modes derived from rotations of the free ion would 
be inactive in the infrared spectrum. The fre- 
quencies of the lattice modes would be expected 
to be less than 500 cm~^ and, therefore, unobserved 
in the present study. However, combinations of 
these modes with fundamental frequencies would 
be infrared active and might be observed. Com- 
binations of fundamentals with a number of other 
lattice modes would be restricted by the Dgh 
symmetry. 

Crystals with the calcite, cubic, hexagonal, and 
orthorhombic structures show spectra conforming 
reasonably well with the predictions of the free-ion 
selection rules insofar as the fundamental internal 
frequencies are concerned. V2 and 1^4 are always 
observed in the expected positions although V4. is 
occasionall}^ weak in some of the nitrates, vs is 
always observed but with such great intensity that 
it is not possible to determine whether it is a single 
or multiple band or even to locate its position with 
reliability. The symmetric stretching band vi is 
usually not observed as expected or when present 
is generally weak. The free-ion model must be 
rejected because it does not adequately describe 
the complex spectra of the aragonite crystals shown 
in figures 9 to 15 nor does it permit sufficient flexi- 
bility in the selection rules for combinations betw^een 
internal and lattice modes to explain the elaborate 
band structure observed in most specta. For 
example the Dg^ selection rules predict that combina- 
tions of vi with the lattice libration frequency 
derived from rotation in species A2 should be 
inactive. For reasons to be discussed later a whole 
series of such bands are believed to be present in 
the spectra. 

b. Site Group Approximation 

The selection rules for the various crystal struc- 
tures in the site group approximation may be 
obtained from the space group symmetry and the 
tables given by Halford [30] showing the various 
sites for each space group. In the calcite type 
crystals of space group T>ta containing 2 molecules 
per unit cell, the anions occupy sites of D3 symmetry 
and the cation's sites of symmetry C31. In the 
cubic structures of space group Th containing 4 
molecules per unit cell the anions must lie on sites 
with symmetry C3 and the cations on sites of sym- 
metry C31. Similarly in the aragonite structures 
of symmetry VJ^ with 4 molecules per unit cell 
both anions and cations occupy sites of symmetry 



Cs. The hexagonal and orthorhombic crystals will 
not be discussed because of uncertainties concerning 
the space groups. The results of the site group 
approximation for the selection rules are given in 
table 2. 

Table 2. Spectral activity for nitrate and carbonate ions in 
calcite, aragonite, and cubic structures for the site group 
approximation 

Calcite structure (site symmetry D3) 



Species 


Activity 


Internal 
mode 


Lattice mode for 
anion* 


Ai 


Raman 

I.R _ 


V\ 

V2 

j/3, VA 




A2 


L(T), L(R) 


E 


I.R., Raman 


L(T), L(R> 







* There are 3 lattice modes of translational origin associated with the cations 
on sites Csi which are infrared active. 



Aragonite structures (site symmetry Csl 




Species 


Activity 


Internal 
mode 


Lattice mode for 
anion* 


A' 


I.R., Raman 

I.R., Raman 


V2, V?,, Ui 


2L(T), L(R) 


A"_- 


L(T), 2L(R) 







* There are 3 lattice modes for the cations on sites of symm.etry Cs which are 
active in both infrared and Raman. 

Cubic structures (site symmetry C3) 



Species 


Activity 


Internal 
mode 


Lattice mode for 
anion* 


A 


I.R,, Raman__ __ __ _ 


n,J'2 


LTT), L(R) 


E 


I.R., Raman 


L(T), L(R) 


^ ! 







* There are 3 lattice modes associated with the cations on sites of symmetry 
Csi which are inactive in the Raman but active in the infrared spectrum (specii?s 
Bu and Eiu). 



Calcite type structures. In the calcite type crystals 
the selection rules require that V2 (species A2) and 
vs and Vi (species E) are infrared active while vi 
remains infrared inactive. This prediction agrees 
with the observed fundamentals but again the selec- 
tion rules are too restrictive and fail to account for 
the large number of sum and difference modes be- 
lieved to be due to lattice modes. As an example, 
lattice modes of rotational or translational origin 
in species A2 would be expected to give a series of 
combination bands with every other band forbidden 
by the selection rules. This is not believed to be the 
case. 

Aragonite type structures. In these structures the 
site symmetry Cg 3'ields selection rules requiring the 
degenerate stretching and bending modes, v^ and 
Pi, to be split and the symmetric stretching mode, 
vi, to be active in the infrared spectrum. The out- 
of-plane bending V2 remains active. The low temper- 
ature spectra show that v^ is split (for example, see 
spectrum of SrC03). However, there appear to be 
at least three components of v^ in SrC03. This 
does not agree with the selection rules which predict 
two components only. Similarly, vi is active as pre- 
dicted but in addition at least one other component 
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of vi appears to be present which is unaccounted lor. 
Considerations of a similar iiature arise regarding 

Cubic structures. With tlie site symmetry C3 the 
selection rules predict that in addition to V2 (species 
A) and vi and V4 (species E) that vi (species A) should 
also be infrared active. Spectra for the cubic 
crystals show a very weak band in this region which 
may represent the vi vibration. 

It is clear that while the site group approximation 
gives results which are in better agreement with the 
observations than the free ion approximation, the 
apparent discrepancies between prediction and 
observations in the aragonite structures makes the 
validity of the approximation questionable. The 
applicability of this treatment has been discussed 
previously [13] and it has been pointed out that the 
site group approximation is less applicable to ionic 
crystals than molecular crystals because of the much 
stronger coupling in ionic lattices. 

c. Factor Group Approximation 

Selection rules for the calcite, aragonite, and cubic 
crystal types under the factor group approximation 
are given in table 3. The internal and lattice 
frequencies are classified with regard to their respec- 
tive symmetry species. 

Table 3. — Factor group selection rules for the calcite, aragonite 
and cubic structures 



Species 



Activity 



Internal mode 



Lattice 
modes 



Calcite structure-space group Dsj; 2 molecules/unit cell; total frequencies— 27 



Aig _ _ 


Raman . . 


PI 


1 


Aiu 




1 


A2u 


I.R ... . _ _ .. 


') 


A2e - 




1 


e'u\_/:::::::::::::::: 


I.R 




Eig 


Raman 


2 









Aragonite structure-space group Vh ; 4 molecules/unit cell; total frequencies— 57 



Au-. 

Big 

B,u_ 

B2g.. 
B2u- 

Bsg. . 

B3U- 



Raman. 



Ratnan,. 

I.R 

Raman _. 

I.R 

Ra'Jian_. 
I.R 



I'l, t^2, vz, Vi 

Vi, v\ 

Vi, v\ 

V\, V2, Vi, Vi 

VI, V2, n, Vi 

Vi, Vi 

Vi, Vi 

VI, V2, Vi, Vi 



Cubic structure-space group T i4 molecules/unit cell; total frcciuencies— 105 



Ag. 
Au. 
Eg-. 
Eu. 
Eg- 
Fu- 



Raman- 



Raman. 
I.R 



v\ 


vy 


l'\ 


V2 


Vi 


Vi 


Vi 


Vi 


VI, V2, Vi, 


Vi, Vi, Vi 


PI, V2, Vi, 


Vi, Vi, Vi 



Calcite type structures. For calcite structures, 
the active modes in the infrared are V2 (species 
A2u), ^8 (species Em), and v^ (species E^). The 
symmetric stretch, vx, is again inactive. As before, 
the predictions agree well with the observed funda- 



mentals. There are now effectively no selection 
rules governing combinations between fundamentals 
and lattice modes [78]. 

Aragonite type structures. In these crystals the 
selection rules predict that three nondegenerate 
components of v^ and v^ (species Biu, B2U, Jind Bgu) 
should result from the splitting of the degenerate 
stretching and bending modes of the free ion. In the 
SrCO.:! spectrum three such bands can be observed 
at 1362, 1445, and 1522 cnr^ These are sharp, 
strong, bands and may be taken to represent the 
three components of v^. The very strong broad 
band near 1600 cm~^ is believed to arise from com- 
binations and will be discussed later. Two of the 
three components of V4, are found at 701 cm""^ and 
711 cm~^ while the third may either be the weaker 
band near 738 cm"^ or be unresolved from the 701 
to 711 cm~^ doublet. The selection rules require 
vx and vo to be infrared active in species Biu and 
B3U. The two components of vy can be assigned as 
the two sharp bands observed near 1050 cm~^ and 
1072 cm~^ in the low temperature SrCO;^ spectra. 
There are undoubtedly a iiumber of bands, partly 
unresolved, near the expected position for the two 
components of V2. wSome of these are undoubtedly 
lattice combination modes but in any case there 
appears to be little difficulty in concluding that V2 
consists of at least two components. Similar assign- 
ments are possible in the other aragonite type 
structures. It should be noted that Decius [14, 15] 
has pointed out that the out-of-plane l)ending modes 
in aragonite type crystals are strongly c()uj)le(l as a 
result of the proximity of the anions. This coupling 
produces a splitting of V2 when isotopic species are 
involved. The relative intensities involved here, 
however, appear to be too great to be attributed to 
the natural abundance of isotopes. 

Cubic structures. In the cubic structures the factor 
group selection rules show that the only active infra- 
red species is Fu with six triply degenerate internal 
frequencies and eight triply degenerate lattice 
modes. The six internal freciuencies are derived 
from Vx and V2 and two each froju 1^3 and v^,. vi is 
observed very weakly if at all and can hardly be 
considered as an active fundamental. V2 can only 
be assigned near 812 cm~^, its usual position. There 
may be two components of v^, but the great intensity 
of the band prevents any attempts to locate their 
positions. The splitting of v^ has been observed in 
the cubic structures by Couture and Mathieu [10] 
who studied the Raman spectrum. The two com- 
ponents of Vi must be considered unresolved in the 
band near 722 cm~^ in the cubic nitrates. 

Some basis must be found for the assignment of 
the large number of nonfundamental frequencies 
some of which are very strong. These bands are 
observed in the low temperature spectra of all the 
nitrates and carbonates. The factor group treat- 
ment forms an adequate basis for assigning these 
bands as there are in principle no selection rules 
governing the combinations of lattice modes with 
internal modes [78]. However, there is no indica- 
tion of the relative intensities to be expected for 
sum and difference bands. 
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3.3. Libration-Fundamental Summation and Differ- 
ence Bands in the 700 cm~^ to 1500"^ Region 

In this section the large number of bands occurring 
in the 700 cm."^ to 1500 cm~^ region of the spectrum 
are discussed. These bands will be interpreted 
tentatively as combinations between fundamental 
internal vibrations and a low-lying mode of the 
order of 20 cm~^ — 30 cm~^ The justij&cation for 
considering the low frequency mode as a libration 
fundamental will be given later but the interpre- 
tation will be made in accordance with this hy- 
pothesis. 

The proposed model is shown schematically in 
figure 2 which assumes an ion on a site of symmetry 
C3. The potential energy curve for libration is 
represented by the broken curve on the ground state 
vibrational level (n=0) and the first excited vibra- 
tional level (n=l). The potential energy is assumed 
to be independent of the vibrational state. In each 
of the three potential wells there are seven excited 
librational levels (J= 1 — J=7) shown. These levels 
are shown evenly spaced, i.e., anharmonicity cor- 
rections are neglected. Transitions between energy 
states are indicated by the vertical lines. No tran- 
sitions are indicated between librational levels in 
the same vibrational state because the energies in- 
volved are too low to be of interest here. 

At any given temperature transitions in all three 
potential wells will be similar since the three con- 
figurations of the ion are equivalent. With this in 
mind the three potential minima of figure 2 are 
utilized to demonstrate the effect of temperature 
on the resulting spectrum. At very low tempera- 
tures where all ions are in the ground state, only 
summation bands are possible as indicated in the 
left potential minimum. At intermediate tempera- 
tures, in addition to the summation bands shown 
at the lowest temperature some difference bands 
arise from the thermal excitation of some ions into 
the lower librational levels in the ground vibrational 
level. At still higher temperatures, in addition to 
the previous transitions, lower energy difference 
bands arise from thermal excitation to the higher 
librational levels in the ground vibrational state. 
Transitions to rotational levels which exist above the 
potential barriers are not indicated in figure 2. All 
possible transitions are not shown except at the 
lowest temperature. 

a. Calcite Type Structures 

Many calcite type crystals show spectra which 
are lacking in detail although there is evidence of 
unresolved absorption in the region of interest. 
However, the spectra for NaNOa shown in figure 3 
are most informative. It will be noted that the 
diffuse absorption between approximately 900 cm~^ 
and 1050 cm"^ at room temperature (top spectrum), 
is resolved at liquid helium temperature (lower 
spectrum) into a series of step like bands located 
at 913 cm-\ 938 cm-\ 963 cm'^ 991 cm-\ 1021 cm'^ 
1058 cm~\ and 1071 cm~^ These bands have a nearly 
uniform separation varying from about 25 cm~^ to 
37 cm~^ In the low temperature spectrum other 



bands are also resolved and the resulting observa- 
tions are tabulated in table 4. 

Table 4. Assignments for NaNOs at liquid helium tem- 
perature for libration coinhinations 





Separa- 




Separa- 




Separa- 




Frequency 


tion from 


Frequency 


tion from 


Frequency 


tion from 


Assign- 




funda- 




funda- 




funda- 


ment 




mental 




mental 




mental 




cmr^ 


cw-i 


cm-i 


C 771-1 


C771-1 


cm-i 




727 {vi) 




838 (^2) 




1068 ivx) 




V{i 


lAl vw 


20 


9 




1103 w 


32 


^o + L 


778 vw 


51 


*> 




? 




v^ — 2L 


803 vw 


75 


913 m 


75 


1143 vw 


75 


v^ -- 3L 


? 




938 m 


100 


1176 sh 


108 


?/o — 4L 


? 




963 m 


125 


1192 s 


124 


»'0+ 5L 


880? 


153 


991s 


153 


1228 w 


160 


^0 + 6L 


907 sh 


180 


1021s 


183 


? 




»'0 + 7L 


945 sh 


218 


1058 s 


220 


9 




1/0 + 8L 


960 sh ? 


233 


1071 vs 


233 


1311s 


243 


cutoff 



Although they are diffuse and poorly defined at 
higher temperatures, the 913 cm~^ - 1071 cm "^ 
series of bands appear to shift by 3 cm~^ to 7 cm~^ 
between the temperature of liquid nitrogen and 
that of liquid helium with the larger shifts associated 
with the higher frequency bands. In the same 
temperature interval the fundamental V2 shows no 
detectable shift and v^ a shift of at most 1 cm~^ 
From its temperature dependence and intensity 
it is believed that the 1071 cm~^ band represents 
the band limit or cutoff frequency of the series of 
bands starting at 913 cm~^ rather than the funda- 
mental vi which is inactive in all calcite structures. 
This series of bands may be interpreted as com- 
binations of a mode of frequency 20 cm~^ - 30 cm~^ 
with V2. Similarly other bands in the structure 
may be interpreted as combinations of the same 
low frequency mode with v^ and the inactive vi 
fundamental. The cutoff for the series of bands 
originating from vi is believed to be the strong band 
at 1311 cm~^ The cutoff for the series from ^4 
is not apparent but may tentatively be taken as 
a shoulder appearing at 960 cm~\ The differences 
between the cutoff frequencies and the respective 
fundamentals for the three series of bands are 243 
cm"^ (1^1), 233 cm"^ (1/2), and possibly 233 cm~^ 
(1^4). The bands and assignments are given in 
table 4. These data as well as all other tabulated 
data refer only to observations at liquid helium 
temperature and include only libration-fundamental 
summation bands with vi^ v-j, and V4,. Tabular data 
are recorded only for reproducible bands and where 
there is doubt about the existence of a band the 
recorded frequency is followed by a question mark. 
The following abbreviations are used in all tables: 
very weak — vw; weak — w; shoulder — sh; medium — 
m; strong — s; very strong — vs; broad — b. From 
the tabular data it will be noted that the correlation 
between the three series is reasonably good. The 
energy level spacing varies but the apparent varia- 
tion is estimated to be of the same order of magni- 
tude as the error associated with determining the 
positions of the weak, frequently broad, combina- 
tion bands. 

Although no combination bands of the 20 cm~^ 
—30 cm~^ mode with v^, are tabulated for any spec- 
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VERY LOW INTERMEDIATE HIGH 

TEMPERATURE TEMPERATURE TEMPERATURE 



(ONLY SUMMATION 
BANDS OCCUR) 



(DIFFERENCE BANDS 
OCCUR IN ADDITION TO 
SUMMATION BANDS) 



(ADDITIONAL DIFFERENCE 
BANDS OCCUR) 



FREE ROTATATION REGION 



J 

7 
6 
5 
4 
3 
2 
I 




J 
7 
6 
5 
4 
3 
2 
I 



r- 



TJf 



T^ 



X' 



TFT 



V 



Figure 2. Energy level diagram for effect of temperature on libration-vibration combination bands. 
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Figure 3. Infrared absorption spectra of NaNOs cit room temperature {top), liquid nitrogen temperature {center), and liquid helium 

temperature {bottom). 



trum many instances of summation bands originating 
from vz have been observed. In this frequency region 
the instrumental dispersion is too low and the 
intensity of v^ is usually too great to permit location 
of combinations with any certainty. Evidence for 
the existence of combinations with v^ is indicated 
by figure 3 and all subsequent figures. The marked 
increase in transmission of all crystals on the low 
frequency side of V2, as the temperature is lowered 
may be attributed to the elimination of difference 
bands between v^, and a low frequency mode at 
lower temperatures. A corresponding change does 
not occur on the high frequency side of v^^ where the 
summation bands would be expected to become 
stronger at lower temperatures. Furthermore, the 
rather abrupt increase in transmission observed in 
most spectra on the high frequency side of v^ occurs 
at a frequency which is of the correct order of mag- 
nitude for the cutoff for a series of combination 
bands originating from the fundamental v^. 



Although the assignments given in table 4 account 
for all bands it cannot be considered completely 
satisfactory. Several expected bands are missing 
and the band at 1192 cm~^ is unexpectedly strong. 
A similar situation will be encountered in all other 
spectra. All assignments, therefore, are made with 
some qualifications. 

Spectra at room temperature and liquid helium 
temperature are given for the other calcite struc- 
tures MgC03, CaC03, FeCOa, and MnCOs in figures 
4, 5, 6, and 7 respectively with tabular data for 
CaCOa listed in table 5. Satisfactory resolution of 
bands was not obtained on any specimen of MgCOs 
despite several experiments on crystals of differing 
thicknesses. The strong band near 1250 cm~^ may 
represent the vi cutoff and that near 1120 cm~^ the V2 
cutoff. A low frequency mode of about 25 cm~^ 
and a cutoff frequency of approximately 230 cm~^ 
are indicated on the basis of the several experiments. 
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Figure 4. Infrared absorption spectra of MgCOs o^t room temperature {top) and liquid helium temperature {bottom). 
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Figure 5. Infrared absorption spectra of CaCOs {calcite) at room temperature {top) and liquid heliu?n temperature {bottom). 



Table 5. Assignments for CaCOs at liquid helium temperature 
for libration combinations 





Separa- 




Separa- 




Separa- 




Frequency 


tion from 


Frequency 


tion from 


Frequency 


tion from 


Assifin- 




funda- 




funda- 




funda- 


ment 




mental 




mental 




mental 




cm-i 


cm-^ 


cw-i 


cm-i 


cm-i 


C7W-1 




712 (^4) 




881 (^2) 




1070 (n) 




Vf) 


746 m 


34 


? 


? 


1103 w 


33 


A-o+Tv 


784 w 


72 


953 w 


72 


1142 m 


72 


^o+2L 


819 m 


107 


990 sh 


109 


1177 s 


107 


7^0+31. 


850? s 


138 


1015 s 


134 


118G s 


IIR 


i^o+4L 


Cutoff 


? 


1028 s 


147 


1199 sh 


132 


j'0+5L 


masked 




1034? 


153 


1220 


150 


cutoff 


byj'2 















Tabular data for CaCOs are given in table 5. A 
libration frequency of about 35 cm~^ and an average 
cutofi' frequency of about 150 cni~^ are indicated. 
Three weak bands at 1075 cm~\ 1245 cm"\ and 
1283 cni~^ are not accounted for by the assignments. 
Although the band at 1075 cm~^ might be taken as 
the inactive vi fundamental this is not believed to be 
the case. Raman spectroscopy has located vi near 
1086 cm~^ and this fundamental is invariably ob- 
served as a sharp band in the infrared spectrum 
when it is active. The band at 1075 cm~^ however, 
is quite broad. 
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Figure 6. Infrared absorption spectra of FeCOs at room temperature {top) and liquid helium temperature (bottom). 
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Figure 7. Infrared absorption spectra of MnCOs at room temperature (top) and liquid helium temperature (bottom). 



No data are tabulated for FeCOa and MnCOg 
because of the questionable purity of the specimens. 
As shown by the spectra both materials exhibit the 
same general absorption pattern as the other calcite 
structures. Cutoff frequencies are estimated to be 
150 cm-i for FeCOg and 160 cm"! for MnC03 on the 
basis of tentative assignments. The MnCOs spec- 
trum which shows much fine structure can be in- 
terpreted with a single libra tion frequency of 15 
cm~^ or with two separate frequencies of 30 cm~^ 



b. Aragonite Type Struct^ares 

Spectra for two temperatures are given for SrCOs 
in figure 8 and the tabular frequencies observed in 
table 6. Spectra at room temperature and liquid He 
temperature and the tabulated frequencies are 
given in fiojures 9, 10, 11, and 12, and tables 7, 8, 9, and 
10 for CaCOa (aragonite), BaCOa, PbCOs, and KNOa 
respectively. Additional expanded spectra at liquid 
helium temperatures covering the range from about 
1800 cm-i to 770 cm'^ for SrCOg and CaCOa (arago- 
nite) are given in figures 13 and 14. 



418 



3000 



2000 



WAVE NUMBER, cm"' 
1300 MOO 1000 



900 



800 



700 




IZ 



7 8 9 10 

WAVELENGTH ,^ 

Figure 8. Infrared absorption spectra of SrCO^ at room temperature (top) and liquid helium temperature (bottom). 
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Table 6, Observed frequencies for SrCOs at liquid helium 
temperature 





Separation 




Separation 




Separation 


Frequency 


from 


Frequency 


from 


Frequency 


from 




funda- 




funda- 




funda- 




mental 




mental 




mental 


C77J-1 


C7W-1 


cm-^ 


cm-^ 


C7/i-l 


C77»-l 


7011 
711/ '' 




863^2 




1072 n 










llOS vw 


36 


737 Pi? 


36? 


908 vw 


45 


1147 vb 


75 


803 wb 


92? 


913 mb 


50 


1165 vb 


93 


816 s 


105? 


937 mb 


73 


1200 w 


128 


861 sb 


150? 


967 sb 


104 


1230 w 


158 


879 sb 


168? 


995 vw 


132 


125()? w 


184 


900 s 


189? 


1008 vw 
1042 w sb 
1050 m 


145 
179 
187 


1261? w 


189 



Table 7. Observed frequencies for dxCO^ (aragonite) at liquid 
helium temperature 





Separation 




Separation 




Separation 


Frequency 


from 


Frequency 


from 


Frequency 


from 




funda- 




funda- 




funda- 




mental 




mental 




mental 


C77i-1 


C7n-i 


C77i-1 


C77i-1 


cm-i 


cmr^ 


7011 
717/ '' 




866 j/2 




1086 vx 




— 




— 




1102 s 


16 


741 mb 


24? 


— 




1110 sh 


24 


— 




— 




1121m 


35 


— 




— 




1133 msh 


47 


775 w 


58? 


924 w 


58 


1144 s 


58 


— 




— 




1148 sh 


62 


— 




— 




1155 wsh 


69 


809? sh 


92? 


— 




1176 sh 


90 


— 




969 w 


103 


1182 w 


96 


— 




983 w 


117 


1201m 


115 


839 sb 


122? 


989 w 


123 


— 




846? sb 


129? 


996 Sh 


130 


1215 m 


129 


— 




1018 w sh 


142 


— 




— 




— 




1245 w 


159 


883 sb 


166? 


1034 b 


168 


1254 w 


168 


903 b 


184? 


1055 wb 


189 


1278 sh 


192 


912 s 


195? 


1061m 


195 


1291 mb 


205 
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Figure 9. Infrared absorption spectra of CaCOs (aragonite) at room temperature (top) and liquid helium temperature (bottom). 
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Figure 10. Infrared absorption spectra of BaCOs at room temperature (top) and liquid helium temperature {bottom). 



Table 8. Observed frequencies for BaCOa 
temperature 



at liquid helium 





Separation 




Separation 




Separation 


Frequency 


from 


Frequency 


from 


Frequency 


from 




funda- 




funda- 




funda- 




mental 




mental 




mental 


cmr^ 


CTO-l 


cwi-i 


cm-^ 


C7W-1 


C77i-1 


m^v, 




857x^2 




1062 vx 




732 m(;.4?) 


38 


900 m 


43 


1075 ? 


13 


770 vw 


76 


932 m 


75 


1123 m 


61 


808 m 


114 


— 




1154 m 


92 


818 sh 


124 


— 




1184 vw 


122 


840 s 


156 


1007 m 


150 


1212 m 


150 


880 sh 


186 


1038 w sh 


181 


1222 m 


160 


888 s 


194 


1051 


194 


— 





Table 9. Observed frequencies for PbCOs at liquid helium 
temperature 





Separation 




Separation 




Separation 


Frequency 


from 


Frequency 


from 


Frequency 


from 




funda- 




funda- 




funda- 




mental 




mental 




mental 


cw-i 


cw-i 


cm-i 


CTTi-l 


cm-i 


cm-i 


684^-4 




842 j'2 




1057 VI 




727 m vi? 


42 


896 w sh 


54 


1082 w 


25 


734 m v^l 


50 


911 w 


69 


1101 sh 


43 


— 




— 




1118 s 


61 


768 vw 


84 


925 w sh 


83 


1143 sh 


86 


788 mb 


104 


938 w sh 


96 


1161 w 


104 


797 mb 


113 


958 w sh 


116 


— 




809 wb 


125 


977 w sh 


135 


1187 w 


130 


818 vw 


134 


— 




— 




827 m 


143 


996 vw 


154 


— 




854 sb 


170 


1011 vw 


169 


1228 m 


171 






1022 wb 


180 


1234 m 


177 


877 s 


193 


1036? 


194 


1257 m sh 


200 cutoff? 
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Figure'II. Infrared absorption spectra of PbCOs at room temperature (top) and liquid helium temperature (bottom). 
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Figure 12. Infrared absorption spectra of KNO3 at room temperature (top) and liquid helium temperature {bottom). 



Only general observations are given for these 
spectra. Attempts to analyze the highly complex 
structure observed in figures 13 and 14 have met 
with only indifferent success. In part, this is prob- 
ably the result of the more complex internal funda- 
mental bands observed in these structures which 
were discussed earlier. At the very least this would 
produce many overlapping band systems. In part 
the complexity may arise from further splitting of 
V2 from isotope effects first noted by Decius [15] 



in the aragonites. Finally, there are strong indica- 
tions that at least two libration frequencies may be 
involved in these spectra to produce still greater 
overlapping. 

That combination modes are involved is clearly 
shown by comparing the normal and low temperature 
spectra. Elimination of the difference modes with 
vi is clearly seen in figures 9, 10, and 11 so that there 
is little doubt that a liberation frequency of approxi- 
mately 30 cm~^ is present. Attempts have been 
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Figure 13. Infrared absorption spectrum of SrCOs at liquid helium temperaturel(expandedlscale) . 
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Figure 14. Infrared absorption spectrum of CaCOs (aragonite) at liquid helium temperature (expanded scale). 



Table 10. Observed frequencies for KNO3 cit liquid helium 
temperature 





Separation 




Separation 




Separation 


Frequency 


from 


Frequency 


from 


Frequency 


from 




funda- 




funda- 




funda- 




mental 




mental 




mental 


cm-i 


CTW-l 


cm-^ 


C7»-l 


cw-i 


C77i-1 


714^4 




827 V2 




1051 PI 




— 




— 




1100 wb 


49 


782 


68 


— 




1119 b 


68 


— 




921? b 


94 


1133 mb 


82 


815 s 


101 


930 vw 


103 


— 




832 b 


118 


— 




1172 m 


121 


843 b 


129 


960 wb 


133 


1187 m 


136 


875 s 


161 


991 w sh 
1008 s 


164 
181 


1213 s 


162 



made to correlate bands arising from the various 
fundamentals in the tabular data. It appears that 
correlations exist despite the failure to analyze the 
data. 

One outstanding characteristic of the carbonate 
aragonites is to be found in the very broad, intense 
band found in the V2 region. This band completely 
obscures the ordinarily strong V2 band found in thin 
polycrystalline films of these materials [77]. The 
sharp strong band on the high frequency edge of 



this absorption complex does not correspond to 
the usual out-of-plane bending frequency, but may 
represent the cutoff for a series of liberation modes 
with ^4. 

c. Cubic Type Structures 

The spectra of the cubic nitrates show many 
bands falling into a regular series that may be 
assigned to combinations between a harmonic 
liberation mode and the fundamentals vi^ V2, and V4,. 
Spectra at three temperatures are shown for 
Pb(N03)2 in figure 15 while similar spectra at two 
temperatures are given in figures 16 and 17 for 
Ba(N03)2 and Sr(N03)2 respectively. Assignments 
at liquid helium temperature are tabulated in tables 
11, 12, and 13. In the spectra it is noted that bands 
falling between 850 cm"^ and 1250"^ have relatively 
large frequency shifts with temperature, while the 
fundamentals V2 and ^4 appear to be unaffected by 
the same temperature change. These bands may 
be attributed to the combinations of a low lying 
librational mode with the fundamentals, with the 
librational mode being relatively temperature de- 
pendent through the effect of expansivity on 
volume. 
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Figure 15. Infrared absorption spectra of Pb(N03)2 at room temperature (top), liquid nitrogen temperature (center), and liquid 

helium temperature (bottom). 



Table 11. Assignments for Pb(N03)2 at liquid 
temperature for libration combinations 



helium 





Separa- 




Separa- 




Separa- 






tion 




tion 




tion 


Assign- 


Frequency 


from 
funda- 
mental 


Frequency 


from 
funda- 
mental 


Frequency 


from 
funda- 
mental 


ment 


cm-i 


C7W-1 


cm-^ 


cm-i 


cw-i 


cm-^ 




731 ;/4 




S17 P2 




1058 f I 




VO 


— 




838? 


21 


— 




UQ+h 


771 


40 


852 sh 


35 


1093 s 


35 


»'0+2L 


788 


57 


— 




«1109 vw 


51 


;^o+3L 


? 




882 m 


65 


1120? vw 


62 


V0+4L 


? 




— 




1135 sh 


77 


vo+SL 


? 




912 vw 


95 


1152 sh 


94 


»'0+6L 


843 


113 


928 s 


111 


1169 s 


111 


V0+7L 


858 sh 


127 


943 s 


126 


1183 sh 


125 


Z/0+8L 


878 sh 


147 


968 s 


146 


1199 sh 


141 


»'0+9L 


895 


164 


— 




1213 vs 


153 


j/o-f-lOL 


903 


172 


988 vs 


171 


1220 


162 


cutoff 



Table 12. Assignments for Ba(N03)2 at liquid helium 
temperature for libration combinations 





Separa- 




Separa- 




Separa- 






tion 




tion 




tion 


Assign- 


Frequency 


from 
funda- 
mental 


Frequency 


from 
funda- 
mental 


Frequency 


from 
funda- 
mental 


ment 


C77i-1 


C7W-1 


CTW-l 


cw-i 


C7W-1 


C 771-1 




722 j'4 




813^2 




1052 PI 




VO 


— 




— 








z^o+L 


765 


43 


— 




1086 vs 


34 


»'0+2L 


785 b 


63 


866 vw 


53 


1105 m sh 


53 


j/o+SL 


— 




— 




1125 s 


73 


;/o+4L 


— 




— 




1139 s 


87 


po+51. 


— 




— 




1156 s 


104 


»/o+6L 


838 sh 


116 


931m 


118 


1172 w sh 


120 


x'o4-7L 


857 w 


135 


949 m 


136 


1188 sh 


136 


^-o+SL 


876 w 


154 


969 m 


156 


1209 sh 


157 


VQ+9L 


889 sh 


167 


982 sh 


169 


1220? 


168 


x^o+lOL 


898 s 


176 


993 s 


180 


1231s 


179 


^'O+llL 


? 




? 




? 




^o+12L 


9i3m 


191 


1004 


191 


1245 


193 


cutoff 
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Figure 16. Infrared absorption spectra of Ba(N03)2 o^t room temperature (top) and liquid helium temperature (bottom). 
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Figure 17. Infrared absorption spectra of Sr(N03)2 at room temperature (top) and liquid helium temperature (bottom). 



Inspection of the tables shows a rather systematic 
series of bands arising from each of the fundamentals. 
In the region between P2 and the cutoff for the series 
arising from V4 the band structure is highly complex. 
Assignments in this region are not unequivocal as 
may be seen from the vacancies in the tables. The 
combination bands are neither sharp nor strong so 
that errors in positions may easily amount to a few 
cm~^ With this uncertainty the variation in 



spacing appears to be of the order of the errors in 
locating the bands. 

The behavior of the two bands located symmetri- 
cally on either side of the inactive or very weak vi 
frequency (circa 1050 cm~^) provide a convincing 
argument for the assignments given. These bands 
are believed to arise from sum and difference tones 
of the libration and the symmetric stretch. In the 
room temperature spectra these bands are very 
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Table 13. Assignments for Sr(N03)2 at liquid keliiini tem- 
perature for lihration combinations 





Separa- 




Separa- 




Separa- 






tion 




tion 




tion 


Assign- 


Frequency 


from 
funda- 
mental 


Frequency 


from 
funda- 
mental 


F'reciueiicy 


from 
funda- 
mental 


ment 


CTO-l 


cw-i 


cw-i 


C7«-i 


C7ft-1 


cm-i 




738 {vi) 




8151/2 




1057 j/i 




V(t 


754? 


16 


829 sh 


14 


1077 sh 


20 


I'o+L 


— 




-} 




• — 




^„+2L 


798 s 


60 


? 




1112 s 1) 


55 


^o+3L 


— 




? 




— . 




»'0+4L 


829 sh 


91 


9 




1149 vw 


92 


J/0+5L 


847 w 


109 


924 m 


109 


1168 w sh 


111 


j^o+OL 


865 w 


127 


9 




1185 s 


128 


1/0+7L 


880 m 


142 


? 




1197 s 


140 


fo+8L 


900 ? vw 


162 


976 w 


161 


1217 m 


160 


i/o+OL 


916 wsh 


178 


993 m 


178 


1236 sh 


179 


fO+lOL 


932 sh 


194 


1012 sh 


197 


1252 s 


195 


j^o+llL 


947 m 


209 


1027 sh 


212 


1264 s 


209 


i'0+12L 


958 s 


220 


1035 vs 


220 


1278 m 


221 


cutoff 



prominent features of the spectra. In Sr (N03)2 the 
bands appear to be located at 1103 cni"^ and 1029 
cm~^ and the diflerence between these vahies appears 
to be four times the hbrational rrequency giving a 
libration mode ol' 19 cin~^ In Pb(N03)2 the bands 
are at 1086 cni~^ and 1012 cm~^ giving L = 18 cm~\ 
while in Ba(N03)2 the corresponcling values are 1074 



cm ^ 1015 cm ^ with L = 15 cm" 



These values 



of the librational frequency may be lower than the 
corresponding values given in the tables for liquid 
helium temperature, but the value of the libration 
frequency is temperature dependent as shown by 
the temperature dependence of the libration bands. 
From figure 15 it will be noted that as the tempera- 
ture is lowered the summation band located at 
1086 cm~^ at room temperature in Pb(N03)2 shifts 
to about 1088 cm~^ at liquid nitrogen temperature 
and to approximately 1093 cm~^ at liquid helium 
temperature. Simultaneously the difference band 
located at 1012 cm~^ which is very strong at room 
temperature is reduced to about one-half of this 
intensity at liquid nitrogen temperature and to a 
very weak, questionable band at liquid helium tem- 
perature. The intensity behavior corroborates the 
interpretation as a difference band and the low 
temperature required for its removal is conclusive 
evidence for a low frequency transition. As men- 
tioned earlier this difference band constitutes a 
thermometer m the spectrum. 

The effect of temperature on the cutoff frequency 
for combinations with V2 observed in the same 
figure appears to result in an increase of the cutoff 
from 975 cm"^ at room temperature, to 985 cm~^ at 
liquid nitrogen temperature and to about 988 cm~^ 
at liquid helium temperature. Simultaneousl}^ the 
cutoff* appears to increase in intensity and become 
noticeably sharper. The effect of temperature 
on the intensity will be discussed later. 

An analagous behavior is exhibited by Sr(N03)2 and 
Ba(N03)2. It should be noted that the strong 1015 
cm~^ band in the room temperature spectrum of 
Ba(N03)2 does not represent the cutoff for the v-i 
series. The 1015 cm~^ band is the vi diff'erence mode 
and is eliminated on cooling. The V2 series cutoff 
appears to be represented by the strong shoulder 
near 980 cm~^ which shifts to 1004 cm~^ on cooling. 



In Sr(N03)2 the difference band located near 1015 
cni~^ at room temperature appears to be obliterated 
by the V2 cutoff' which shifts from an unknown 
position at room temperature to about 1032 cin~^ 
at liquid nitrogen t(Mn])erature and to approximately 
1035 cm~^ at liquid lieliuin temperature. 

As in all other spcH'tra the effect of cooling on 
v-i is to produce a marked increase in transmission 
on the low frequency side of v-,^ with an absence of a 
similar eff'ect on tlie high fre(pieiicy side. This is in 
accord with the elimination of the difference modes 
v^-nL on cooling with no corresponding elimination 
of the summation bands. The v-^ cutoff' is estimated 
to be of the correct order of magnitude if it is taken 
at the frequency at which tlie specimens show 
transmission on the high frequency side of v^. 

d. Miscellaneous Structure Types 

Data are given here for TINO3, A^NOs, CsNOg, 
and RbN03. Spectra are given at three tempera- 
tures for TINO3 in figure 18. Spectra for two 
temperatures are given in figures 19, 20, and 21 for 
AgN03, CSNO3, and RbNOg, respectively. The 
corresponding frequencies are given in tables 14, 15, 
16, and 17. In the experiments using AgNOs difR- 
cidties were encoimtered because of the reaction 
between the copper bar and AgN03. Successful runs 
were obtained by cementing the AgN03 crystal to a 
silver strip which was attached to the copper bar. 
The thermal path for AgNOs was longer and more 
doubtful than for any other specimen. However, 
comparison of the two spectra for the AgNOs show 
that considerable cooling was effected. 

These spectra contain a wealth of fine structure of 
which only a portion appears to be explained by 
the present analysis. There are indications that 
at least two low frequency libration modes are 
coupling with the fundamentals giving rise to two 
overlapping series of bands with two cutoff' values. 
As shown in table 14, half of the bands for TINO3 
can be assigned with a 25 cni~^ libration mode but 
there are also at least nine unassigned bands. 



Table 14 


Assignments for 


TlNO^a^ liquid helium, tern, 


perature 






for lihration combinations 








Separa- 




Separa- 




Separa- 






tion 




tion 




tion 




Frequency 


from 


Frequency 


from 


Frequency 


from 


Assign- 




funda- 




funda- 




funda- 


ment 




mental 




mental 




mental 




cw-i 


cw-i 


crri-i 


c?7i-i 


CTO-l 


cw-i 




715 1^4 




828 Vi 




1044 vx 




^0 


740 s 


25 


830 sh 


32 


1068 sh 


24 


^o+L 


— 




— 




1090 m 


46 


? 


768 sh 


53 


880 wb 


52 


1096 m 


52 


j'o+2L 






— 




1101 sh 


57 


? 


791 m 


76 


905 w 


77 


1115 w 


71 


i^o+3L 


— 




913 ni 


85 


1127 vw 


83 


? 


— 




— 




1138 w 


94 


? 


— 




931 w 


103 


1147 s 


103 


j'o+4L 


— 




— 




1150 vs 


106 


? 


— 




— 




1160 sh 


116 


? 


— 




— 




1168 sh 


124 


? 


• — 




956 m 


128 


1175 s 


131 


^o+5L 


850 sh 


145 


975 s 


147 


1193 b sh 


149 


'? 


885 w 


160 


989 m 


161 


1207 m 


163 


'? 


— 




1003 s 


175 


1224 m 


180 


»'o+7L 


— 




1023 m 


195 


— 




? 


922 w 


207 


1030 


202 


1240 w 


202 


^o+8L 


943 sh 


228 


1054 vw 


226 


1280? sb 


236 


j'o+9L 


975 s 


260 


1080 m 


252 


1294? b 


250 


cutoff 
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Table 15 


. Observed frequencies in AgNOs at liquid helium 






temperature 








Separation 




Separation 




Separation 


Frequency 


from fun- 


Frequency 


from fun- 


Frequency 


from fun- 




damental 




damental 




damental 


cm-i 


cm-i 


cm-^ 


cm-i 


cw-i 


cm-^ 






806^2 




1046 VI 




711^4 




835 


29 


1078 s 


32 


735 i^i 




— 




1086 


40 






— 




1093 


47 


— 




862 sh 


56 


1103 s 


57 


— 




868 


62 


— 




— 




— 




1122 m 


76 


— 




897 


91 


1136 m 


90 


— 




909 


103 


1150 m 


104 


— 




929 


123 


1164 sh 


118 


— 








1179 sli 


133 


— 




94S 


143 


1195 m 


149 


— 




— 




1214 w 


168 







987 


181 


1230 sh 


184 


— 




lOOO 


196 


1242 s 


196 


— 




1017 


211 


— 




960 


225 


1025 


219 


Obscured? 


cutoff? 



Table 16 


Assignments for 


CsNOs at liquid helium temperature 






for libration combinations 








Separa- 




Separa- 




Separa- 






tion 




tion 




tion 




Frequency 


from 


Frequency 


from 


Frequency 


from 


Assign- 




funda- 




funda- 




funda- 


ment 




mental 




mental 




mental 




cm-i 


cm-i 


C77i-1 


C7W-1 


c?7?-i 


cw-i 




719 Pi 




833^^2 




1053 PI 




Vo 


— 




860 


27 


— 




^o+L 


764 mb 


45 


880 wb 


47 


1103 s 


50 


z^o+2L 


797 vw 


78 


900 w 


67 


1124 s 


71 


^^o+3L 


? 




933 m 


100 


1152 m 


99 


^o+4L 


? 




956 s sh 


123 


1178 sh 


125 


.0+5L 


? 




980 vs 


147 


1185 s 


132 


? 


«880b 


163 


994 vs 


161 


1213 vs 


160 


cutoff 



Table 17. Assignments for RbNOs at liquid helium tempera- 
ture for libration combinations 





Separa- 




Separa- 




Separa- 






tion 




tion 




tion 




Frequency 


from 


Frequency 


from 


Frequency 


from 


Assign- 




funda- 




funda- 




funda- 


ment 




mental 




mental 




mental 




cm-i 


cm-i 


cm-i 


cm-i 


cm-i 


cm-i 




72Qpi 




8441-2 




1061 PI 




^o 


748 


22 


— 




1084 vw 


24 


^0+Li 


780 


54 


— 




1111 s 


51 


^o+2Li 


793 w 


67 


— 




1126 s 


66 


^o+2L2 


— 




928 mb 


76 


1140 s 


80 


^o+3Li 


— 




— 




1153 m 


93 


^o+3L2 


— 




950 sh 


106 


1170 vw 


110 


«^o+4Li 


— 




964 m 


120 


1186 w 


126 


»'o+4L2 


866 sh 


140 


988 s 


144 


1206 s 


146 


cutoff Li 


890 br 


164 


1005 s 


161 






j^o+5L2 


?«901b 


175 


1019 s 


175 


1232 s 


172 


cutoff L2 



The tabular data for AgNOs are not assigned. The 
complexity of the spectrum may be less than that of 
TINO3 and it seems that at least two librational 
modes are required. One peculiarity of the spectrum 
is the frequent appearance of triplet bands. One 
libration mode of 30 cm~^ with a cutoff of approxi- 
mately 220 cm~^ appears reasonably certain. 

Although the spectra of CsNOa and RbNOs appear 
to be similar, a somewhat different assignment can 
be given. A single Hbration mode of 30 cm~^ and a 
cutoff of 160 cm"^ is given for CsNOa. A similar 
assignment for RbNOs is not obvious. Instead two 



modes one at 25 cm~^ and the other 30 cm~^ with 
barriers of 146 cm~^ and 175 cm"^ are indicated. 
However, it would appear that the 1153 cm~^ band 
might represent a cutoff not indicated by the assign- 
ment. Raman studies [36] show two frequency shifts 
of 109 cm-i and 147 cm-^ for RbNOs both of which 
are observed in the spectra here. The 147 cm~^ band 
appears to correspond with one of the cutoff values. 

e. Discussion of Raman and Infrared Assignments 

The preceding analyses and assignments of the in- 
frared spectra have been made with a minimum of 
reference to the considerable literature on the Raman 
spectra of the carbonates and nitrates (see Intro- 
duction). It may be noted that, so far as can be as- 
certained, the Raman shifts have never been assigned 
to a series of bands arising from librational motion 
of the anion about the trigonal axis. Some Raman 
bands have been assigned to libration perpendicular 
to this axis. Couture [10] pointed out that the fun- 
damental libration used here should be inactive or 
at most weakly active in the Raman spectrum. 
However, analysis shows that the combination bands 
should be active in the infrared. It may be noted 
that no shift as low as 30 cm~^ has been reported in 
the Raman spectra of these materials but Krish- 
namurti [42] has recently reported that the few shifts 
obtained by routine Raman studies appear to consist 
of bands covering a wide frequency range when 
high resolution and long exposures are employed. 
He attributed the fine structure to superlattice 
vibrations. 

In the present data the separations between the 
fundamental and the summation bands can be iden- 
tified in part with a series of Raman shifts reported 
for the material of interest. The Raman assign- 
ments for these shifts involve individual transla- 
tional and librational lattice modes. The evidence 
in favor of the librational assignment as opposed to 
the translational assignment and vice versa will be 
summarized here. 

The effect of temperature on sum and difference 
bands of the fundamental vi observed in many 
spectra represents good evidence that a very low 
lying frequency of the order 20 cm~^-30 cm~^ is 
involved. The additional finding that this fre- 
quency represents the separation of a large number 
of bands in almost all spectra studied is considered 
to be significant. Furthermore, all structures, both 
carbonates and nitrates, yield a spectrum in which a 
frequency difference of the order of 20 cm~^-30 cm"^ 
appears independent of the cation. The materials 
studied here contain one common factor — a planar 
anion having trigonal symmetry — and it appears 
that the recurring frequency difference should be 
attributed to this source. A librational motion of 
these anions all of which have essentially the same 
principal moments of inertia would be expected to 
occur at a frequency determined largely by the inter- 
ionic potential forces. There is evidence that the 
anions are closely packed in these crystals [45, 77] 
and the interionic forces would be of the same gen- 
eral order of magnitude. It appears reasonable to 
conclude that the low frequency fundamental 
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1 Figure 18. Infrared absorption spectra of TINO3 at room temperature (top), liquid nitrogen temperature (center), and liquid 
j helium temperature (bottom). 



arises from libra tion of tlie anions. The nature of 
the libration is not apparent and, as noted in the 
previous discussion, more than one frequency ap- 
pears to be involved in some instances. However, 
based on the X-ray and neutron diffraction data 
previously cited which indicate libration about the 
trigonal axis, it is concluded that the libration 
responsible for the 20 cm~^-30 cm~^ band spacing is 
a torsional oscillation about the trigonal axis. 



Conversely, the bands observed here could be 
assigned to a large number of separate translational 
lattice modes in combination with the fundamentals. 
However, it seems unlikely that individual transla- 
tional modes would have frequencies such as to 
yield a series of bands with uniform spacing. It is 
even more imlikely that similar series would be 
produced by such a variety of structures and cations. 
Therefore, the explanation that individual transla- 
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Figure 19. Infrared absorption spectra of AgNOa at room temperature {top) and liquid helium temperature {bottom). 
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Figure 20. Infrared absorption spectra of CsNO? at room temper ature1{top) and 



helium temperature {bottom). 



tional modes are involved must be rejected. How- 
ever, there remains the possibility that the bands 
arise from combinations between the fundamental 
and successive levels of a translational mode of 
frequency near 30 cm~^ The relative insensitivity 
of the frequency to the crystal structure and the 
mass of the cation and the independent evidence 
for libration makes this interpretation appear doubt- 
ful. In addition the band limit or cutoff frequency 
which is of the same general order of magnitude 
in all these materials is readily understood in terms 
of libration. It can be explained with somewhat 



more difficulty for translation. It appears that the 
majority of evidence available at this time appears 
to favor the interpretation of the data in terms of 
libration. However, it must be emphasized that 
on the basis of the present evidence, a translational 
origin for the observed bands cannot be rejected 
unequivocally. 

The effect of temperature on the frequency, 
intensity, and shape of the summation bands has 
been noted in the discussion. It is to be expected 
that the frequencies of the bands involving a lattice 
mode should be more temperature dependent than 
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FiGUEE 21. Infrared absorption spectrafof RbNOa at room temperature {top) and liquid helium temperature {bottom). 



the fundamentals. The lattice frequencies will 
depend on the interioiiic forces which are directl}^ 
affected by the change in volume produced by 
cooling. If the forces are principally repulsive a 
shift to higher frequencies would be expected on 
cooling. This is actually observed. The funda- 
mental internal frequencies have been shown to be 
rather insensitive to changes in volume. The 
intensity of the summation bands is expected to 
increase with decreasing temperature in tliese 
experiments. At ordinary temperatures, the higher 
librational levels are expected to be densely popuhited 
because of the low energy involved. As the tem- 
perature is lowered the lower levels increase in 
population at tlie expense of the higher levels. In 
absorption the intensity depends on the population 
of the lower of the two levels involved and, all other 
factors being equal, intensity should increase 
markedly as the lower levels become populated. 
Simultaneously it appears reasonable that the in- 
dividual librational band widths should decrease. 

Translational lattice modes must exist and no 
attempt has been made to identify these modes which 
would be active in combination with the fundamen- 
tals. However, in every spectrum there appear to be 
a few bands not falling into a regular sequence which 
might be assigned in this manner. There arc also 
many unusually strong bands wliich might be at- 
tributed to superposition of a libra tion and trans- 
lation combination with the fundamental. Such 
coincidences would be expected to be of frequent 
occurrence in a series of close spaced bands and 
might produce resonance splitting effects. Such 
splitting may produce the variation in spacing 
observed in some series of bands. 

On the basis of the librational motion the cutoff 
frequencies are readily interpreted. According to 



Lander [45] the oxygen-oxygen interaction between 
neighboring anions defines the ordering. Spectro- 
scopic data on the nitrates, carbonates, and borates 
[77] has also been interpreted in this manner. In a 
given crystal the anion should orient in the potential 
field in such a position that its oxygen atoms would 
be at a maximum distance from the neighboring 
oxygens. This position is not unique, however, as 
equivalent positions can be obtained by a rotation 
about the trigonal axis, potential minima being found 
every 120° or every 60° depending on the synnnetry 
of the site. If sufficient energy is avaihible a librat- 
ing anion can surmount the energy barrier imposed 
by the repulsive forces of neighboring oxygen atoms 
and either rotate freely or, on losing energy, take up 
an equivalent position displaced by 120° or 60° from 
the original position. Therefore the librational 
bands should terminate at a frequency corresponding 
to the ''free rotation'' energy barrier. 

No convincing arguments can be offered at this 
time for the intensity relationships in a series of 
bands. Hexter and Dows [35] have calculated that 
higher order combinations of the type postulated 
here should decrease in intensity exponentially. 
However, these calculations did not consider the 
interactions between neighboring ions. It appears 
reasonable to suppose that libration of the anion 
produces a change in the electronic charge distribu- 
tion of the oxygen atoms. It appears likely that 
the perturbation of the charge distribution increases 
with increasing amplitude of the oscillation and 
should reach a maximum at the top of the barrier. 
What the effect of this change in charge distribution 
would be on the relative intensities is not clear so 
that this question cannot be answered at this time. 

At the top of the energy barrier the librational 
modes change rapidly from a vibrational typc^ to a 
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rotational type. The intensity of transitions from a 
state corresponding to the ground vibrational level 
(n=0) and the ground librational level {J=0) to the 
upper vibrational level (/i==l) and the upper rotation- 
al levels (say J^ 10) would be very weak because 
such transitions are forbidden by rotational selection 
rules. Therefore if librational transitions below the 
top of the barrier have appreciable intensity because 
of electrical anharmonicity a rather sharp cutoff or 
band limit is indicated. Eotational transitions in 
addition to being forbidden would be expected to be 
very weak because of the absence of electrical anhar- 
monicity in rotational motion. 

f. Discussion of Libration and Energy Barrier Data 

The observed data on libration frequencies and 
apparent energy barriers are tabulated in the first 
two columns of table 18. The libration frequencies 
listed correspond to maximum values observed for 
each substance, i.e., average values derived from the 
lower energy levels. Despite the wide variation in 
structure it is interesting to note that variations of 
the absolute values of libration frequenc,y and energy 
barrier are relatively small. Libration frequencies 
appear to range from 15 cm~^ to 36 cm~^ and energy 
barriers from 140 cm~^ to 250 cm~^ No reliable 
libration frequency was observed from MgCOs al- 
though the probable barrier is listed in table 18. 
The barriers tabulated represent the average esti- 
mates of the bands assigned as the three cutoff values 
of the three series of bands arising from combinations 
with Pi, V2, and ^4 which usually agree very well with 
each other. 

Although qualitative arguments for libration have 
been presented in the previous section it remains to 
be demonstrated that the observed energy barriers 
are quantitatively of the correct order of magnitude. 
The following discussion will be limited to the calcite 
and cubic structures because of the uncertainties 
involved in the other structures. In addition only 
the data for NaNOs and CaCOs among the calcite 
structures will be considered because of doubts con- 
cerning the purity of the other materials. Column 
3 of table 18 lists approximate anharmonicity cor- 

Table 18. Collected libration frequencies and energy barriers 
irom infrared spectra at liquid helium temperature 



Material 


Observed 
barrier » 


Libration 
frequency, u^ 


Approximate 
anharmonic- 
ity correc- 
tion 


Calculated 
barrier b 


MgC03 


220 
152 
150 
160 
238 
220 
191 
167 
255 
223 
161 
175, 146 


36 
25? 
25? 
32 
20 
19 
18 
25? 
30? 
25 
15,30 


1 

3 

0.5 
.5 
.5 


cm-i 


CaC03 


162 


FeC03 

MnC03 

NaNOs -- 


155 


Sr(N03)2 


198 


Ba(N03)2 -- -- - 


179 


Pb(N03)2 


161 


TINO3 




AgN03 . 




CsNO} 




RbNOs 









a Experimental values neglecting zero point energy. Approximate correction 
for zero point energy is pj2. 

b Calculated barriers including correction for anharmonicity but neglecting 
correction for zero point energy. Approximate correction for zero point energy 
is i'j2. 



rections calculated from the observed frequencies 
for CaC03 (table 5), NaNOs (table 4), Sr(N03)2 
(table 13), Ba(N03)2 (table 12), and Pb(N03)2 
(table 11). The anharmonicity corrections are ob- 
served to much larger for the calcite structures than 
for the cubic structures. This difference will be 
discussed subsequently. From the observed libra- 
tion frequencies and the anharmonic corrections, the 
potential barrier for rotation may be calculated as 
follows. 

Assuming a rotational potential energy of the 
form 



f4» (1- 



-cos nt 



(1) 



where T^o is the energy barrier, n the number of 
potential minima in a complete cycle, and 6 the 
angular displacement from the equilibrium position, 
the potential barrier can be calculated from the 
libration frequency through the relationship 



IVoh 



(2) 



In eq (2), Vc corresponds to the corrected libration 
frequency, / the moment of inertia of the anion, and 
the other quantities have their usual significance. 
The corrected libration frequency is taken as equal 
to the observed libration frequency plus twice the 
anharmonic correction [33]. Taking the C — ^0 and 
N — O bond lengths to be 1.25 A and 1.22 A, respec- 
tively, and independent of structure [80], the follow- 
ing two relationships for the potential barriers are 
obtained. 

for carbonates Fo=4.26(^»l (3) 



for nitrates Fo^4.47(z^,/?i)l 



(4) 



In calcite structures the anions occupy sites of 
symmetry D3 and n=Q. In the cubic structures the 
site symmetry is C3 and n=3. Using eqs (3) and 
(4) and the corresponding data from table 18 the 
barriers were calculated and are given in column 4 
of the table. The calculated barriers as tabulated 
have been corrected for the zero point energy con- 
tribution so as to be comparable with the observed 
values, that is the tabulated values represent the 
calculated barriers minus K the libration frequency. 
A comparison of observed and calculated barriers 
shows that except for NaNOs the agreement is quite 
encouraging. Inasmuch as the libration frequencies 
cannot be determined with precision because of the 
width of the bands, and since a similar error exists 
in determining the cutoff frequencies, it is considered 
that the agreement between calculated and observed 
barriers is probably within the experimental error 
even in the case of NaNOs. Furthermore the cal- 
culated barrier is dependent on the exact shape of 
the potential energy curve and on the bond distance 
used. The fact that the observed and calculated 
barriers are of the same order of magnitude supports 
the present interpretation of the observed spectra in 
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terms of librational oscillations of anions that pro- 
duce a series of bands terminating in a cutoff fre- 
quency which corresponds to the potential barrier for 
rotation. 

The fact that the barriers are of tlie same order of 
magnitude implies that in these crystals the forces 
are of the same nature. This conclusion has been 
reached previously [77]. The smaller anharmonicity 
corrections of the cubic salts as compared with 
those of the cal cites are to the expected. In tlu^. 
former there appear to be broader potential wells 
(n=3) than in the latter (n=Q) and the levels are 
closer (20 cm~^ as compared to 30 cm~^). 

It will be noted that the agreement between 
calculated and observed barriers also implies that 
the assignments of the individual libration bands 
is essentially correct. If the data for CsNOs and 
RbNOs are used to calculate barriers it appears 
most likely that the nitrate ions nmst occupy sites 
of six-fold symmetry in these structures. However, 
similar calculations for TINO3 and AgNOa are not 
possible because of the great uncertainty in assigning 
the libration bands. From this point of view it 
is not surprising that the aragonite spectra is so 
complex because the anions occupy sites of 
symmetry Cg. 

The absolute value of the potential barriers 
observed requires the conclusion that at ordinary 
temperatures^ i.e., 300 °K, a considerable number 
of anions have energies in excess of the hindering 
rotational barrier. If large numbers of anions 
rotate, it is conceivable that the structure may 
become unstable. Several phase changes occur in 
the nitrates at moderate temperatures but the 
corresponding transitions in the carbonates take 
place only at relatively high temperatures [45]. 
There is no obvious correlation between the transi- 
tion temperature and the height of the energy 
barrier. It must be concluded, therefore, that the 
cohesive energy of the crystal lattice is sufficient 
to accommodate considerable variation in the anion 
disorder and that the transitions are not caused 
primarily by the effect of the disordering. Since 
similar transitions in nitrates and carbonates are 
separated by several hundred degrees in temperature 
it appears that the cohesive energy, which is ex- 
pected to be roughly four times as great in the 
carbonates, must largely determine the transition 
temperature. On the basis of the present interpre- 
tation most of the carbonate ions would have 
energies above the rotational energy barriers at 
temperatures well below the transition temperatures. 

3.4. Overtones and Combinations of Fundamentals 

Inspection of figures 1-21 for the carbonates and 
nitrates shows that numerous strong bands occur in 
the range 1700 cm"^ to 3000 cm~^ The prism 
instrument provided insufficient dispersion and 
resolution for accurate study of this region. How- 
ever, the number and strength of the bands indicate 
that free ion selection rules are not applicable in 
these crystals. In most spectra two sharp bands 
are observed, one near 1750 cm~^ and the other much 



weaker near 1800 cm~^ Without exception these 
bands are located within a few wave numbers of the 
positions expected for the combinations vi + v^ and 
^1 + ^2, respectively. These bands can be assigned 
confidently. The other bands cannot. 

For further study of this region several spectra 
were obtained on a grating spectrometer. The 
spectral regions from 1600 cm~^ to 4000 cni~^ for the 
liquid helium runs are given in figures 22, 23, 24, and 
25 for CaC03, KNO3, BaC03, and Ba(N03)2 respec- 
tively. Frequencies of bands identifiable with 
certainty are listed in tables 19, 20, 21, and 22. The 
studies showed no appreciable shift of band positions 
in this region as the temperature was lowered 
although considerable sharpening of bands occurred 
at low temperature. Inspection of the spectra shows 
a very complex band system in this region and no 
assignments are given. It is particularly noted that 
in regions in which bands would be expected to 
correspond to the combinations 1^1 + 1^3 and 2z^3 the 
spectra show strong broad bands which appear to 
contain unresolved structure. Also of interest are 
the many bands appearing to contain shoulders 
extending more than 100 cin"^ to higher frequencies. 
Conversely similar shoidders are missing on the low 
frequency side. The spectra of KNO3 and Ba(N03)2 
are particularl}^ complex in this region. Several 
triple groups are evident in Ba(N03)2 with compo- 
nents separated by about 30 cm~^ and 40 cm~^ In 
general this region of the spectra does not ofter any 
evidence to contradict the libration hypothesis and 
the complexity and broad bands would be expected 
if there is a libratiou-fimdamental combination 
involved. 

Table 19. Overtones and fundatnental 
combinations observed for calcite 



Frequencies 


Frequencies 


Fundamentals 


C7»-l 


cw-i 


cm-^ 


3935 m 


2798 m sh 


^1-1070 


3735 w 


2560 vs 


^2-881 


3587 m 


2490 s 


^3-1460? 


3218 m 


2330 mb 


j'4-712 


3175 m 


2210 mb 




2915 vs 


2142 m 
1960 m 





Table 20. Overtones and fundamental 
combinations observed for KNO3 



Frequencies 


Frequencies 


Fundamentals 


cm-i 


c/Ai-i 


cra-i 


3734 m shoulder 


2395 s sh 


j'l-lOSl 


to 3900 






3425 m shoulder 


23G0m 


j'2-827 


to 3550 






3103 w 


2335 mb 


1^3-1420 


3006 w 


2150 mb 


Pi-7U 


2850 mb shoulder 


2090 mb 




to 2970 






2782 mb 


2060 m 




2733 m 


1920 w 




2718 sh 


1890 m 




2695 m 


1875 ms (vi-\-P2) 




2550 mb shoulder 


1762 s (pi+h) 




to 2610 






2485 sb 


1745 m 




2422 m 
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Figure 22. Infrared absorption spectrum of CaCOs (calcite) at liquid helium temperature (1600 cm~^ to 4000 cm~^). 
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Figure 23. Infrared absorption spectrum of KNO3 at liquid helium temperature {1600 cm~^ to 4OOO cm~^). 
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Figure 24. Infrared absorption spectrum of BaCOs at liquid helium temperature (1600 cm-^ to 4OOO cm-^). 
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Figure 25. Infrared absorption spectrum of Ba(N03)2 at liquid helium temperature (1600 cm-^ to 4OOO cm-^). 
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Table 21. Overtones and fundamental 
combinations observed for BaCOs 



Frequencies 


Frequencies 


Fundamentals 


cm-^ 


cm-i 


C7n-i 


3840 wb 


2452 s 


j^i-1062 


3498 w 


2430 sli 


1^2-857 


2880 sb 


2423 sb 


;^3-1470 


2820 b 


2340 b 


f4-732, 694 


2805 sh 


2092 Sli 




2746 w 


1755 sh {pl-\-v^) 




2550 sb 


1748 s 
1735 sh 





Table 22. Overtones and fundamental 
combinations for Ba(N03)2 



Frequencies 


Frequencies 


Fundamentals 


3817 
3780 s 
3750 


2683 m sh 
2550 b 
2510 b 


f 1-1052 

;^2-813 

^-3-1400? 


3508 
3465 s 
3435 


2440 b 
2380 b 
2360 b 


V4-722 


320O 
3155 s 
3128 


2330 b 
2290 b 
2195 m 




3055 
3010 m 
2985 


2156 vs 
2120 vs 
2090 s 




2885 vv 
2855 s 
2770 vs 


1863 m {i>x^v2) 
1775 S (;^i+24) 
1620 





4. Conclusion 

Infrared absorption spectra of inorganic nitrates 
and carbonates have been obtained on single crystals 
at room temperature, liquid nitrogen temperature, 
and liquid helium temperature. The diffuse absorp- 
tion observed in the room temperature spectra between 
about 1400 cin~^ and 700 cm~^ is resolved at liquid 
helium temperature into a series of a large number 
of bands not attributable to fundamentals or com- 
binations of fundamental frequencies of the anions. 
Most of these bands are readily interpreted as 
summation bands of fundamental frequencies with 
successive levels of a librating oscillator. 

This interpretation is supported by the following, 
experimental observations: 

1. The removal of the difference bands with 
reduction in temperature. 

2. The large temperature dependence of the 
positions of individual bands as compared with 
that of the fundamentals. 

3. The uniformity of the spacing of the individual 
bands within a given series of bands. 

4. The similarity of the separation of the indi- 
vidual members of the separate series of bands from 
each of the fundamentals vi, V2, and V4. 

5. The agreement in the separation of the band 
limits or cutoffs assigned from eacli of the funda- 
mentals vi, vo, Hnd V4. 

6. The general similarity of the behavior in the 
vicinity of vs with that observed at the other 
fundamentals, although the individual bands could 
not be distinguished. 



The libra tion is considered to represent a planar tor- 
sional oscillation of the anion about the trigonal axis. 
The librational frequency appears to be dependent 
in part on the crystal structure and the ions involved. 
For a given material the librational frequency as 
determined from successive bands is reasonably con- 
stant. In the substances studied the librational 
frequenc}^ varied from about 15 cm~^ to 30 cm~^ 

Observed band limits in the spectra are inter- 
preted as representing rotational energy barriers. 
These barriers are of the order of 200 cm~^ with the 
barrier height behig dependent on the crystal 
structure and the ions involved. Barrier heights 
calculated from a cosine potential function agree 
reasonably well with the observed barriers for the 
cubic and calcite structures. Similar calculations 
have not been made for other structures studied 
because of doubtful assignments or unknown struc- 
ural details. In particular, the spectra of the arago- 
nite structures are remarkable in detail and com- 
plexity and have not been analyzed successfully. 
However, the details of these and all other spectra 
studies appear to involve similar phenomena. 

The question of whether this behavior is restricted 
to carbonates and nitrates cannot be aiiswc^rcnl fully. 
Prelim inar}^ studi(»s on other salts at low tempera- 
tures indicat(^s that similar band systems may exist. 
Further ex|)(M"iments are required to answer this 
question with certainty. 

It is apparent tliat the band structure observed 
in these stucUes is not clearly seen in absorption 
spectra of thin films and polycrystalline specimens. 
In part, this may be due to the fact that it is custo- 
mary in most instances to study specimens which do 
not absorb completely even in the strongest funda- 
mentals and that the combination bands are too 
weak in comparison with the fundamentals to be 
observed under these circumstances. However, it 
would also appear likely tliat reduction of the 
crystal size below some minimum value as deter- 
mined by the lattice mode might effectively eliminate 
the lattice mode and consequently the combination 
band. With lattice modes of low frequency the 
minimum crystal size might be readily attainable 
and preliminary investigations indicate some experi- 
mental evidence of a dimensional effect. Further 
study on these questions is under way. 



The authors are indebted to L. Bolz for obtaining 
low temperature X-ray data. 
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